The Quadrupole Resonator, designed to measure the surface resistance of superconducting samples at 400 MHz has been refurbished. The accuracy of its RF-DC compensation measurement technique is tested by an independent method. It is shown that the device enables also measurements at 800 and 1200 MHz and is capable to probe the critical RF magnetic field. The electric and magnetic field configuration of the Quadrupole Resonator are dependent on the excited mode. It is shown how this can be used to distinguish between electric and magnetic losses.
I. INTRODUCTION
The power dissipated in superconducting cavities is directly proportional to their surface resistance R S , which shows a complex behavior on the external parameters: frequency f , temperature T , magnetic field B and electric field E. In particular there is no widely accepted model which can describe the increase of the surface resistance with applied field. There is strong evidence that there are several different loss mechanisms, some only relevant if certain surface preparations are applied 1 . If not limited by a quench at a local defect, the maximum accelerating gradient of a superconducting cavity is set by the critical RF magnetic field. Its exact value and correlation to the surface properties of the material are not fully understood yet. Surface resistance and critical RF field can be directly measured in a superconducting cavity. However for the former its value obtained is the average R S over the whole surface. A convenient way to investigate the surface resistance and critical field of superconducting materials is to examine small samples, which can be manufactured at low cost, duplicated easily and used for further surface analyses. The Quadrupole Resonator 2 was opted for measuring the surface resistance of superconducting niobium film samples at 400 MHz, the technology and RF frequency chosen for the Large Hadron Collider (LHC) at CERN. The device is a four-wire transmission line half-wave resonator using a TE 21 -like mode. The samples are thermally decoupled from the host cavity and their surface resistance is derived by a calorimetric RF-DC compensation technique.
In this paper the extension of the Quadrupole Resonator to additionally cover the frequencies of 800 and 1200 MHz and to probe the critical RF magnetic field of the samples is presented. It is shown how the frequency dependent field configuration on the sample surface can be used to distinguish between losses caused by the RF electric and magnetic field. 
II. EXCITATION AT MULTIPLE FREQUENCIES
The Quadrupole Resonator is a four-wire transmission line half-wave resonator. It was designed for excitation in a TE 210 -like mode at 400 MHz. The geometry also allows for excitation at multiple integers of 400 MHz (TE 211 , TE 212 -like...). In the following it will be discussed whether these modes are also suited for surface resistance measurements on the attached samples.
In the Quadrupole Resonator the cover plate of a cylinder attached to the cavity in a coaxial structure serves as the sample, see Fig.1 . For the Quadrupole mode at 400 MHz this design yields exponentially decaying RF fields between the outer wall of the sample cylinder and the host cavity. Therefore, the power dissipated inside this 1 mm gap and especially at the end flange and joint of the sample cylinder is negligible. Additionally to the 400 MHz design mode the fields are also exponentially decaying for all other excitable quadrupole (TE 21 -like) modes up to 2.0 GHz, as can be shown by analytical calculations 3 . In principal five quadrupole modes could be excited and used for RF measurements. At CERN equipment for 400, 800 and 1200 MHz is available for the test stand.
The Quadrupole Resonator consists of two 2 mm thick niobium cans for convenient handling and cleaning of the device, see Fig. 1 . These cans are flanged to each other in the middle of the resonator, where the screening current on the cavity surface vanishes for the modes at 400 and 1200 MHz. For the 800 MHz mode the screening current has a maximum at this position. However, since the field is strongly concentrated around the rods in the middle of the resonator, excitation and measurements at 800 MHz are not perturbed by losses at this flange. In fact the magnetic field at the flange between the upper and the lower can is only 0.5 % of the maximum field on the sample as has been calculated by Microwave Studio R (MWS) 4 . The Quadrupole Resonator is equipped with two identical strongly overcoupled antennas. One serves as the input, the other as the output. Due to this configuration almost the whole power transmitted to the cavity is coupled out and only about 1 % is dissipated in the cavity walls and on the sample surface. The system acts like a narrow band filter with minor losses. At 800 MHz it remains in this strongly overcoupled state up to the highest field level reached, which is about 40 mT for this frequency. No deviation of the coupling strength at higher field levels was ever observed if sample and cavity remained in a superconducting state. Therefore the design comprising the two cans does not perturb the measurements at 800 MHz.
At 1200 MHz measurements are more cumbersome due to 69 Hz oscillations of the resonator rods. It could be shown that these vibrations are excited by helium bubbles forming in the resonator rods, because they are suppressed, but not completely avoided, when measurements are performed inside a superfluid helium bath. 
From 3dB BW

III. LOW FIELD SURFACE RESISTANCE
For magnetic fields below 15 mT the surface resistance R S is assumed to be independent of the field strength and thus can be written as a sum of BCS and residual surface resistance,
(1) Figure 2 displays R S for an applied RF magnetic field of approx. 15 mT in the temperature range between 2 and 10.6 K for a reactor grade bulk niobium sample, which was prepared by buffered chemical polishing (BCP). In the normal conducting regime above T c , the surface resistance depends only slightly on temperature as can be seen from the flat curves in this area. For these temperatures the normal conducting surface resistance of the sample R N can also be derived by a non-calorimetric 3 dB bandwidth method 5 . The measurement is only possible when the sample is normal conducting and the coupling changes from strongly overcoupled to strongly undercoupled. This means that in the latter case the majority of the power coupled in is dissipated on the sample surface instead of being coupled out. The loaded quality factor Q L consists of the quality factors of the host cavity Q C , the sample Q Sample and the two couplers combined Q ext
In the superconducting state Q L was measured to be about 10 6 , dependent on frequency. The quality factor of the sample Q Sample can be derived from the calorimetric measurement:
where G Sample is the geometry factor of the sample. It relates the losses on the sample surface to the stored energy in the cavity U :
At 2 K R S is several tens of nanoohms, corresponding to Q Sample values of several times 10 9 . The host cavity is made of the same material as the sample. Therefore, its surface resistance is considered to be almost identical. From this assumption and the field configuration of the Quadrupole Resonator (about ten percent of the power is dissipated on the sample surface) one can estimate Q C to be about ten times lower than Q Sample . This is still two orders of magnitude higher than Q L , allowing to simplify Eq. 2 to
If the sample is normal conducting the system becomes undercoupled. The host cavity remains superconducting, since it is thermally decoupled from the sample. Thus, 1/Q C remains negligible and Eq. (2) reads
Q Sample can now be calculated with the value of Q ext obtained from the measurement in the superconducting state. From Q Sample R S is derived using Eq. (3). The results from these non-calorimetric 3 dB bandwidth measurements agree within 4 % with the results obtained from the calorimetric measurements, see Fig. 2 . The surface resistance in this normal conducting regime is found to be proportional to √ f as expected in case of normal skin effect. These results confirm the validity of the calorimetric approach and therefore also give confidence in the measurements at lower temperatures.
The solid lines in Fig. 2 show the predictions from least squares fits to BCS theory performed with Win Super Fit 6, 7 . The program uses the Levenberg-Marquardt algorithm 8,9 for χ 2 minimization and is based on the widely used Halbritter code for the calculation of the surface resistance 10 . For the data presented here the superconducting energy gap ∆ and the residual resistance R Res were varied to minimize χ 2 . The derived values for both samples are given in Tab. I. Other input parameters, which were set constant in the program are the critical temperature T c =9.25 K and the mean free path l=110 nm derived from penetration depth measurements, while the BCS coherence length ξ 0 =39 nm and the London penetration depth λ L =33 nm were taken from the literature 11 .
The energy gap ∆ is found consistent for the three frequencies. The values are also consistent with theory and other measurements 11 . The obtained residual resistance R Res is as expected for reactor grade niobium material 12 . It is obviously dependent on frequency, as has also been pointed out in other publications, where R Res was derived with a multimode cavity 13 and for a large batch of elliptical cavities of same surface treatment but different resonant frequency 14 .
IV. ELECTRIC AND MAGNETIC FIELD CONFIGURATION
Cylindrical cavities operated in a TE mode are often used for material characterization. These cavities expose the samples attached only to an RF magnetic field. The Quadrupole Resonator with its different field configuration exposes the samples to electric and magnetic fields simultaneously. The electric field E on the Quadrupole Resonator sample surface scales linearly with frequency for a given magnetic field B, as required by the law of induction when applied to the geometry in between the crooked endings of the rods and the sample. For a peak magnetic field B p =10 mT, the peak electric field is E p =0.52, 1.04, 1.56 MV/m for 400, 800 and 1200 MHz respectively as has been calculated using Microwave Studio. These values are small compared to E p -field levels on elliptical cavities, but the area of high electric field is larger. In elliptical cavities the surface electric field is mainly concentrated around the iris of the cavity. In the Quadrupole Resonator it is approximately spread over the same area on the sample surface as the magnetic field. The fact that the ratio of the mean values E mean /B mean for elliptical cavities and the Quadrupole Resonator are comparable is a valuable feature if real accelerator cavity surfaces are to be studied.
In the following the implications of the field dependent ratio E/B on the interpretation on measurement results is discussed. The Quadrupole Resonator measures the power dissipated on the surface of the attached sample by a calorimetric RF-DC compensation measurement consisting of two steps: 1. The temperature of interest is set by applying a current to the resistor on the back side of the sample. The power dissipated P DC,1 is derived from measuring the voltage across the resistor.
2. The RF is switched on and the current applied to the resistor is lowered to keep the sample temperature and the total power dissipated constant.
The power dissipated by RF, P RF is the difference between the DC power applied without RF, P DC1 and the DC power applied with RF, P DC2 . In general these losses are caused by the RF magnetic and electric fields with the two contributions being additive,
where R E S is the electrical surface resistance. Usually, when the surface resistance of superconducting cavities is investigated, the losses are assumed to be caused by the RF magnetic field B, since the contribution from the electric field E is negligible, even for normal conducting metals 15 . However, for oxidized surfaces additional loss mechanisms need to be taken into account. To relate electric and magnetic losses to each other the constant c is introduced
This ratio between the magnetic and the electric geometry factor scales quadratically with frequency. This follows directly from the law of induction for the Quadrupole Resonator geometry and has been verified with an agreement better than 1% using MWS. This allows to normalize c to 400 MHz
Microwave Studio was used to calculate c 400 =53.5. This implies that a power dissipated by the RF field on the sample surface P RF , corresponding to a magnetic surface resistance of 1 nΩ, is equivalent to an electric surface resistance of 53.5 nΩ at 400 MHz, while a measured RF heating corresponding to R S =1 nΩ at 800 MHz is only equivalent to R E S =13.4 nΩ . The Quadrupole Resonator does not allow to measure the magnetic and the electric losses independently. One has to measure the complete losses and then the interpret the data. For example the surface resistance as shown in Tab. I has been calculated assuming the residual resistance is completely caused by the RF magnetic field. Assuming that it is caused by the electric field, the values are R E S =(1060±40) nΩ at 400 MHz, R E S =(840±8) nΩ at 800 MHz and R E S =(593±4) nΩ at 1200 MHz. This would imply an unphysical higher electric surface resistance at lower frequency, which allows to conclude that R Res is at least mainly caused by the magnetic field. The frequency dependent ratio between E p and B p enabled to reveal electric losses due to interface tunnel exchange to be the cause for a field dependent surface resistance at RF electric fields of a few MV/m on oxidized granular surfaces, see...
V. MAXIMUM RF FIELD
In the following it will be shown that the Quadrupole Resonator, designed for surface resistance measurements, is also suited to probe the intrinsic maximum RF magnetic field B max,RF of the samples. A quench is detected from a sudden drop of the transmitted power by several orders of magnitude. One can easily determine, without further diagnostics, if it happened on the host cavity or on the sample by measuring the sample temperature at the moment the quench occurs. If the temperature rises above the critical temperature T c it was on the sample, otherwise it must have been on the host cavity.
The critical field under RF exposure has been investigated using pulses just long enough that the stored energy in the cavity reaches steady state (pulse length approx. 2 ms) and also in continuous wave (CW) operation. Different field levels and dependencies on frequency have been found for each case. In the analysis of the CW measurements it is assumed that B max,RF has the same dependence on temperature as the critical thermodynamic field B c and can therefore be written as
In order to measure the critical field in continuous wave (CW), first the magnetic field on the sample surface B p is set to a fixed level. Then the sample temperature is slowly raised until the quench occurs. Usually a sudden temperature rise above T c is observed at the moment the quench occurs. When measured in CW the quench field is dependent on frequency and surface properties. In early tests a bulk niobium sample quenched at relatively low field levels due to a local defect. A second etching (BCP 100 µm) yielded higher field levels for the clean sample, see Fig. 3 . The fact that B p vs. T 2 gives a straight line is an indication that an intrinsic superconducting field limitation is found for all curves. This can be explained by a local defect heating its surrounding area. When the temperature in the vicinity of the defect exceeds the field dependent critical temperature the quench occurs.
Fitting a straight line to the data displayed in field would scale with f −0.25 assuming normal skin effect. This would imply that the quench field at 400 MHz is only 1.3 times higher than at 1200 MHz. This prediction is clearly in contradiction to the measurement results presented here. It can also be excluded that the quench is a complete magnetic effect. In this case the same maximum field should be reached independent of frequency and duty cycle. The RF breakdown can be explained by taking both magnetic and thermal effects into account. That both effects are relevant for RF breakdown was also recently found by Eremeev et al. 17 . Measured in pulsed operation a lower critical temperature compared to the value derived from the low field surface resistance measurements was obtained. This is due to the fact that the position of highest field value is located about 1.5 mm closer to the heater than the position of the temperature sensors, which consequently indicates a lower temperature than prevails at the region of maximum field. For the following comparison of the maximum RF field with theory the value of T c =9.11 K derived from the pulsed measurement will be used. Figure 4 shows the maximum RF field normalized to the thermodynamic critical field B c =199 mT 18, 19 as a function of temperature. Here it can be seen that the maximum RF field systematically exceeds B c . Critical RF fields above B c have also been measured in several other publications [20] [21] [22] . Their results can be explained by a superheating field B sh either derived from considering a metastable state preventing flux entry in the su- perconductor by a surface barrier 23, 24 or by considering a thermodynamic energy balance at the interface between the superconductor and the adjacent vacuum [25] [26] [27] . Figure 4 shows the predictions from the vortex line nucleation model (VLNM) 27 and the approximate formulas from 24 based on Ginsburg-Landau theory, therefore in the following named the Ginsburg-Landau model (GLM). The VLNM is based on a thermodynamic energy balance, while the GLM considers metastability. Both models relate the superheating field to the Ginsburg-Landau parameter κ and the critical thermodynamic field B c . The latter parameter was taken from literature, while κ has been calculated from penetration depth measurements. The error bands are directly correlated to the uncertainties of κ. For low values of κ (long mean free path) the Ginsburg-Landau model predicts B sh smaller than the VLNM. This is the case for the bulk niobium sample in clean condition, for which B max,RF was measured with values consistent with the Ginsburg-Landau model, see Fig. 4 . For high values of κ (low mean free path) the Ginsburg-Landau model predicts B sh higher than the VLNM. This condition was found for a niobium film sample, which was prepared by DC magnetron sputtering onto a copper substrate. The critical temperature of this sample was measured to be T c =9.28 ±0.03 by the same approach as described above for the bulk niobium sample, while the Ginsburg-Landau parameter κ was again derived from penetration depth measurements. The maximum RF field for this sample does not exceed B c . The values are consistent with the VLNM, see Fig. 5 . For all three frequencies the same value of B max,RF is found if sufficiently short pulses are used. This shows that the intrinsic critical RF field can be measured with the Quadrupole Resonator.
From the analysis of the critical field of one sample of low and one of high purity it seems that the GLM and the VLNM can both limit the maximum field under RF in superconducting cavities. For both samples the lower barrier could not be exceeded. It can however not be excluded that the limitation set by the VLNM can be overcome for cleaner surfaces. It has been stated that for very high values κ this model predicts unrealistic low values for the superheating field 28 .
VI. SUMMARY
The Quadrupole Resonator has been refurbished and its measurement capabilities have been extended. The calorimetric results were thereby verified by an independent technique. It was shown that the device can be used for surface resistance measurements at multiple integers of its design frequency. The almost identical magnetic field configurations in combination with the mode dependent electrical field configuration enable unique possibilities to test theoretical surface resistance models. Additionally it was shown that the intrinsic critical RF magnetic field can be measured with the device.
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